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Abstract 31 
A study of soil polychlorinated dibenzo-p-dioxins and polychlorinated 32 
dibenzofurans (PCDD/F) concentrations was undertaken in the vicinity of a municipal 33 
solid waste incinerator in Newcastle upon Tyne as a result of concerns raised by local 34 
residents about potential contamination from fugitive and stack emissions. The study area 35 
was divided into four sectors (north-east NE, south-east SE, north-west NW and south-36 
west SW) around the incinerator plant, and sampling sites were located up to a distance of 37 
2.25 km. Based on air dispersion modelling, the sampling density was four times greater in 38 
the NE (downwind) sector compared to the SW (upwind) direction, and twice as great in 39 
the NW and SE sectors. PCDD/F concentrations found in samples ranged from 6 to 1911 40 
ng/kg I-TEQ with a median of 32 ng/kg I-TEQ. There was no evidence of elevated 41 
concentrations downwind of the incinerator compared to other directions, nor of any trend 42 
in concentration at increasing distance from the incinerator. We concluded, therefore, that 43 
the incinerator fugitive and stack emissions were not a major source of PCDD/F 44 
contamination.  Analysis of PCDD/F homologue profiles showed that samples exhibiting 45 
furan-dominated and OCDD-dominated profiles and a profile characteristic of the 46 
incinerator ash occurred in distinct clusters. Those samples showing the furan-dominated 47 
profile had the largest PCDD/F concentrations measured as I-TEQ, followed by samples 48 
with the incinerator profile, the deposition profile, and the OCDD-dominated profile. We 49 
identified some contamination hotspots located in the SW and SE sampling sectors 50 
(upwind of the incinerator), and potential sources for these hotspots were sought by using 51 
historic land use data from maps of the locality dating back to 1856. We concluded that the 52 
cluster of very high concentrations of PCDD/F in soils showing the furan homologue 53 
profile were most likely to have resulted from the disposal of graphite electrode sludges 54 
from brine electrolysis carried out at a chemical works between the 1890s and the 1930s.  55 
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1. Introduction 59 
Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/F) 60 
are contaminants that are widespread in today’s environment (Zook and Rappe, 1994). 61 
These compounds can be formed from any combustion process involving chlorine 62 
compounds. PCDD/F contamination is particularly linked to atmospheric emissions from 63 
industrial processes. Evidence from sediment cores and archived samples suggests that 64 
inputs of PCDD/F to the environment probably peaked in the late 1960s/early 1970s 65 
(Duarte-Davidson et al., 1997). The subsequent reduction in emissions was due in part to 66 
the regulation of industrial processes and the introduction of abatement technology 67 
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(Alcock and Jones, 1996). However, PCDD/Fs tend to persist and bioaccumulate in 68 
environmental compartments and their stable nature means that PCDD/Fs can remain in 69 
the soil for many decades (Webster and Commoner, 1994). This means that in 70 
industrialized urban areas there can often be a cumulative build-up from historic and 71 
contemporary sources, resulting in concern for human health. Exposure to PCDD/Fs can 72 
lead to cancer and reproductive/developmental effects (Webster and Commoner, 1994).  73 
A UK national source inventory estimated that emissions from municipal solid 74 
waste incineration plants contribute an average of 70% of the total emissions from 75 
industrial sources (Eduljee and Dyke, 1996).  Alcock et al. (2001) undertook a congener-76 
specific atmospheric emission inventory and found that primary regulated industrial 77 
sources could potentially account for between 30% and 86% of the total PCDD/Fs emitted 78 
into the atmosphere, and that unregulated non-industrial sources, such as domestic bonfires, 79 
could account for the remainder.  80 
All of the possible 75 PCDD and 135 PCDF isomers and congeners can be 81 
produced from waste incinerators, independent of type of incinerator or waste composition 82 
(DCDEP, 1989). Variation in the amounts of PCDD/Fs can occur over time at any one 83 
incinerator and at different types of incinerator plant due to variations in temperature, feed, 84 
and trace elements, such as copper. PCDD/Fs can be found in residue streams, grate 85 
residues, wash waters, fly ash and chimney stack emissions (DCDEP, 1989). 86 
A survey in the early 1990s found that urban soils in the UK contained between 4.9 87 
and 87.3 ng/kg I-TEQ, and that rural soils contained between 0.8 and 17.5 ng/kg I-TEQ 88 
(HMIP, 1995). Municipal waste incinerators are just one of a number of likely sources of 89 
contamination that have caused urban soils to have generally greater amounts of PCDD/Fs 90 
than those found in rural environments. 91 
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A large number of studies on PCDD/F contamination of soils from municipal waste 92 
incinerators have been published. These include: Abbott et al. (1997) in the UK; De Jong 93 
et al. (1993) in the Netherlands; Lorber et al. (1998) in the USA; and Cheng et al. (2003) in 94 
Taiwan. Of particular note are a series of investigations in Spain reported by Schumacher 95 
and co-workers. These were based in Tarragona (Domingo et al., 2001a, c; Schuhmacher et 96 
al., 1998; 1999), and Barcelona (Domingo et al., 2000; 2001b; 2002; Nadal et al., 2002; 97 
Schuhmacher et al., 1997; 2000). Repeat sampling over a number of years detected 98 
changes in soil PCDD/F concentrations and congener patterns that might have been 99 
attributable to emissions from the plants.  100 
Analysis of homologue and congener profiles has been widely used to aid the 101 
identification of sources of PCDD/F contamination (Cleverly et al., 1997). In particular, 102 
homologue and congener profiles have been used to determine whether soil PCDD/Fs in 103 
the vicinity of incinerators were mainly due to PCDD/F emissions from those plants 104 
(Domingo et al., 2001b).  105 
The Byker plant is located in Newcastle upon Tyne, UK and between 1979 and 106 
1998 produced refuse-derived fuel (RDF), which was burnt in the adjacent waste-to-energy 107 
facility. Approximately one third of the 100,000 tonnes of waste treated per year was 108 
incinerated. The process involved mechanically sorting waste to remove unwanted material, 109 
removing recyclable metals and glass, and then shredding and pelleting the remaining 110 
waste. The abatement equipment at the Byker plant comprised a dry lime scrubber and a 111 
bag filter. Releases to air between 1993 and 1998 had a mean value of 0.118 g of PCCD/Fs 112 
per annum.   113 
There have been a number of recent studies undertaken in relation to soil 114 
contamination in Newcastle. In 1999 concerns regarding environmental PCDD/F 115 
concentrations in Newcastle were raised after a mixture of bottom and fly ash from the 116 
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incinerator at Byker was spread on footpaths in local allotment sites. This led to a number 117 
of investigations into PCDD/F concentrations on the footpaths (Pless-Mulloli et al., 2000), 118 
and into the transfer of PCDD/F to soil, eggs and vegetables (Pless-Mulloli et al., 2001a, b). 119 
The extent of contamination from fugitive and stack emissions in an allotment site situated 120 
adjacent to the plant has also been studied (Pless-Mulloli et al., 2004). In these studies a 121 
homologue profile typical of that found in incinerator ash was identified in the soil samples. 122 
The pattern was used to identify PCDD/F contamination arising from the ash itself or from 123 
fugitive and stack emissions. However, due to the presence of other emission sources in the 124 
same area, the studies also identified homologue profiles, which appeared to be unrelated 125 
to the incinerator plant.  126 
Unlike the previous studies, which investigated contamination at specific sites, the 127 
aim of the present work was to carry out a systematic survey of PCDD/F soil 128 
contamination over a wide area that might have been affected by stack and fugitive 129 
emissions from the incinerator. In order to identify whether any PCDD/F soil 130 
contamination was from the incinerator or from other industrial or non-industrial sources, 131 
PCDD/F homologue profiles were assessed. While this approach has been used by others 132 
previously, it has not been used to identify both contemporary and historic sources of 133 
contamination, as in this investigation. The identification of historic sources was aided by 134 
the use of historic land use information from maps of the locality dating back to 1856. 135 
 136 
2. Materials and methods 137 
2.1. Soil sampling 138 
The study area was divided into four sectors (NE, SE, NW, and SW) around the 139 
incinerator plant. The area was further divided into concentric distance bands of 50 m up to 140 
a distance of 750 m, and thereafter into bands of 250 m up to a distance of 2.25 km (Fig. 1). 141 
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The predicted dispersion pattern obtained from modelling undertaken by Newcastle City 142 
Council showed that the direction of the plume would be predominantly to the NE of the 143 
incinerator. The sampling frame comprised three sites within each distance band in the NE 144 
sector, two within each band in the NW and SE sectors, and one within each band in the 145 
SW sector. All sampling sites were in areas with public access. 146 
The sampling points were randomly generated using geostatistical software (S-Plus 147 
6). If generated points were located in areas without public access, or on buildings or roads, 148 
they were moved to the nearest area of public open space and denoted ‘judgemental’ sites. 149 
When visited, some locations were found to have poor access due to overgrown shrubs and 150 
undergrowth. Unsuitable for sampling, these points were also relocated and denoted as 151 
‘judgemental’. Overall there were 163 sites, of which 65 were random and 98 were 152 
judgemental. Samples from all of these sites were analyzed for metals (Rimmer et al., 2006) 153 
and approximately half of them (83) were selected randomly for PCDD/F analysis. 154 
Subsequently a further three samples taken from the SW sector were also analyzed, giving 155 
a total of 86 samples. 156 
Soil cores were taken (5 cm diameter and 5 cm depth) within an area of 50 m by 50 157 
m centred on each site. To give a composite sample for each site, soil cores were collected 158 
from two to eight points, depending on the proportion of public open space at each location, 159 
and the material from them was combined. Soil samples were air-dried and any plant 160 
material (roots, leaves) were removed manually and the soil sieved to < 2 mm. 161 
 162 
2.2. Analyses 163 
Analyses were undertaken by Ergo Laboratories, Hamburg, Germany. Quantitative 164 
determinations of PCDD/F according to the isotope dilution method were carried out by 165 
means of 2,3,7,8 –PCDD/F substituted with 13C-UL-labelled internal standards. After 166 
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spiking, samples were extracted with toluene. The clean-up was carried out on 167 
multicolumn systems involving a combination of neutral, acidic and basic silica, florisil, as 168 
well as carbon on celite. Determination was carried out using a combination of high 169 
resolution gas chromatography and high resolution mass spectrometry (HR-GC/MS: VG-170 
AutoSpec /Finnigan MAT 95 XL) and DB5 and SP2331 capillary columns. For each 171 
substance, two isotope masses were recorded. The concentrations of the PCDD/F were 172 
reported in units of ng I-TEQ per kg of dry soil for the 17 toxic congeners and the ten 173 
congener groups. Furthermore the pattern of total homologues, as well as the pattern of 174 
toxic congeners, was taken into account. Numerous procedures can be used to derive a 175 
homologue or congener profile and there is no agreed convention (Cleverly et al., 1997). 176 
As a result we have presented homologue profiles derived from the sum of all isomers 177 
within a group e.g. all tetra CDD compared with all penta- hexa- hepta and octa-CDDs and 178 
CDFs.  179 
 180 
2.3. Historic and current land use 181 
The GIS package Arcview 3.1 was used to view and reproduce ‘Landmark’ historic 182 
maps held by the local authorities in Newcastle and Gateshead. Maps were reproduced 183 
from Ordnance Survey Historical Data for the epochs 1856 to 1895; 1895 to 1898; 1916 to 184 
1920; 1932 to 1942; 1952 to 1963; and 1955 to 1984. Information about the history of 185 
specific industries or areas was obtained from the Central Library in Newcastle. 186 
Current land use was assessed by viewing and reproducing Ordnance Survey 187 
Landline Data and CRWorld Aerial Images. In addition, a search of the Environment 188 
Agency pollution inventory database was conducted to identify industries with a 189 
significant potential to pollute (‘Part A’ industries) within a 5-mile radius of the incinerator. 190 
Information about industrial plants that pollute to a lesser extent (‘Part B’ industries) in the 191 
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vicinity of the incinerator was obtained from the local authorities in Newcastle and 192 
Gateshead.  193 
 194 
3. Results and discussion 195 
3.1. Concentrations of PCDD/Fs and homologue profiles 196 
Over the whole study area the concentration of soil PCDD/F ranged between 6 and 197 
1911 ng/kg I-TEQ with a mean of 120 ng/kg I-TEQ and a median of 32 ng/kg I-TEQ. 198 
Fifteen samples exceeded the normal range of PCDD/F concentrations in UK urban soils 199 
(i.e. were greater than 87 ng/kg I-TEQ; HMIP, 1995). The mean, median and range of 200 
concentrations of PCDD/F in the NE, NW, SE and SW sectors are shown in Table 1. 201 
Elevated soil PCDD/F concentrations were expected in the north-east sampling sector as a 202 
result of deposition from fugitive and stack emissions from the incinerator. However, the 203 
north-east sector had the lowest mean concentration among the four sectors (Table 1). The 204 
distributions were skewed in all sectors by a small number of large values. PCDD/F 205 
concentrations in the majority of samples in the sectors NE, NW, and SE were of the same 206 
order of magnitude and showed similar levels of variation. However, in the SW sector, 207 
PCDD/F concentrations greater than 1000 ng/kg I-TEQ were found in some hotspot 208 
locations.  209 
In order to assess the distribution within each sector, we plotted the concentrations 210 
as a function of distance (Fig. 2). This showed localised elevation of concentrations (> 87 211 
ng/kg I-TEQ) in four samples within 100 m of the incinerator stack in the NW and NE 212 
sectors. This was most likely to be the result of material blown from fly ash piles and skips 213 
used on site. The concentrations greater than 1000 ng/kg I-TEQ in the SW sector were 214 
located in the 500, 600, 700 and 1000 m distance bands. These occurred in a cluster along 215 
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the banks of the River Tyne. In the SE sector elevated soil concentrations were found in 216 
the 500 m band.  217 
It had been anticipated that with increasing distance from the incinerator, there 218 
would be a decrease in soil PCDD/F concentrations. In the event, no such gradient was 219 
observed outside the boundary of the plant (Fig. 2). Therefore there was little evidence to 220 
suggest that stack and fugitive emissions from the incinerator have had a measurable effect 221 
on the average soil contamination within its vicinity. This finding was reinforced by the 222 
homologue profiles, which were examined with the aim of identifying the sources of 223 
elevated PCDD/F concentrations detected in this study.  224 
We identified four main homologue profiles (Fig. 3). There was a profile typical of 225 
the waste combustion process at Byker plant, which had been identified in earlier studies 226 
(Pless-Mulloli et al., 2000, 2001a, b), and was similar to the incinerator profiles of Zook 227 
and Rappe (1994) and Brzuzy and Hites (1996). Sixteen (18%) of the 86 samples analysed 228 
were identified as having this ‘incinerator’ homologue profile. The second homologue 229 
profile was similar to the ‘deposition’ profile of Creaser et al. (1990) and represents a 230 
profile often found in environmental samples from urban environments. 48 samples (50%) 231 
were identified as exhibiting the deposition homologue profile. An OCDD-dominated 232 
profile is characteristic of profiles found in compost, sewage sludge or pentachlorophenol 233 
samples (Zook and Rappe, 1994). 10% of the 86 samples exhibited an OCDD-dominated 234 
pattern. A fourth homologue profile identified was dominated by PCDF homologues with 235 
low concentrations of PCDDs. An example of a similar homologue profile has been 236 
reported by Zook and Rappe (1994) who named it the ‘chlorine pattern’ attributable to 237 
electrode sludge waste. Ten samples (12%) exhibited this furan-dominated profile. Eight 238 
samples (10%) showed profiles which could not be attributed to one of the specific groups. 239 
These were most likely the result of a mixture of profiles. 240 
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Sampling locations exhibiting the furan-dominated, OCDD and incinerator 241 
homologue profiles occurred in distinct clusters (Fig. 4). Samples with a deposition 242 
homologue profile occurred across the whole study area. Table 2 shows the extent of 243 
PCDD/F contamination for each homologue profile group. Samples showing the furan-244 
dominated profile had the greatest PCDD/F concentrations, followed by samples with the 245 
incinerator profile, the deposition profile and the OCDD profile. Out of the 16 samples 246 
exhibiting the incineration pattern, three samples exhibited elevated PCDD/F 247 
concentrations and these were located within the boundaries of the incinerator plant. Fly-248 
ash was once stored in heaps on the site and this could have been the source of some 249 
fugitive emissions. However, a further six samples inside the plant boundaries and seven 250 
samples further away from the plant exhibiting this pattern did not show elevated 251 
concentrations of PCDD/F.  252 
Ten samples exhibited the furan-dominated pattern, all of which occurred in the 253 
southern sectors. These were located in a cluster along the southern bank of the River Tyne. 254 
The historic land-use survey indicated that the very high concentrations of PCDD/F in soils 255 
to the SW and SE of the plant were most likely to be the result of graphite electrode 256 
sludges used in brine electrolysis at a chemical works between the early 1890s and 1930s. 257 
Earth movement and relocation during landscaping in the early 1970s is likely to have 258 
contributed to re-distribution of contaminated soils.  259 
10% of samples exhibited the OCDD-dominated pattern. All but one of these came 260 
from the NW sector and they were located in a distinct cluster, which could be identified as 261 
the location of a culverted stream. 262 
 263 
 264 
 265 
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3.2. Comparison with other studies in the Newcastle area  266 
We compared the results of this study with two earlier studies in the Newcastle area 267 
(Pless-Mulloli et al., 2001b, 2002). Concentrations of soil PCDD/F in the previous 268 
investigations ranged between 5.5 and 1310 ng/kg I-TEQ with a mean of 120 ng/kg I-TEQ 269 
and a median of 32 ng/kg I-TEQ. The PCDD/F concentrations of soil samples taken 270 
adjacent to footpaths amended with incinerator ash in Newcastle allotments were generally 271 
smaller than those from the current study (mean 40 ng/kg I-TEQ; median 22 ng/kg I-TEQ) 272 
and showed a narrower range (5.5 to 272 ng/kg I-TEQ) (Pless-Mulloli et al., 2001b). 273 
However the source of the PCDD/Fs in these samples was most likely the incinerator ash, 274 
because a large majority of them showed the incineration homologue profile (Pless-Mulloli 275 
et al., 2001b). 276 
The second study included an investigation of soils from an allotment site adjacent 277 
to the Byker plant. The PCDD/F concentrations ranged between 18 and 1310 ng/kg I-TEQ, 278 
with a mean and median of 188 and 49 ng/kg I-TEQ respectively (Pless-Mulloli et al., 279 
2002). Concentrations reported in this investigation were generally greater than in the 280 
current study. The sources of the contamination, based on the homologue profiles, 281 
appeared to be varied and similar to the current study: eleven out of 22 samples (50%) 282 
showed the deposition profile, five (23%) showed the incineration profile, five (23%) 283 
showed an OCDD profile and there was an unidentifiable profile in one sample (Pless-284 
Mulloli et al., 2002). In the current study the proportions were similar (deposition, 50%; 285 
incineration, 18%; OCDD, 10%). 286 
 287 
3.3. Comparison with other studies in the vicinity of incinerators 288 
The only other UK study of soil PCDD/Fs from municipal waste incinerators 289 
(Abbott et al., 1997) showed that the concentrations of PCDD/Fs were generally smaller 290 
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than in the present study with a range from 2 to160 ng/kg I-TEQ. These smaller values 291 
probably reflect the fact that the incinerators were located in a rural, rather than urban, 292 
environment. In another UK study (Lovett et al., 1998) greater concentrations of soil 293 
PCDD/Fs were reported; but these were from the area around a chemical waste incinerator.  294 
The conclusions from the large number of Spanish studies on the effects of 295 
municipal waste incinerators in urban environments (see for example, Nadal et al., 2002) 296 
were that they were not solely responsible for local soil PCDD/F contents. Similar findings 297 
have been reported from Taiwan (Cheng et al., 2003) and Italy (Caserini et al., 2004). 298 
Lorber et al (1998) reported elevated PCDD/F contents in soil samples taken from within 299 
the boundary of an MSW incinerator and from samples taken within 1 km of the facility. In 300 
the work by Caserini et al. (2004) the incinerator was identified as the source of the 301 
contamination at two of three sites from the homologue profiles, which displayed the 302 
typical incineration profile. In other studies in which homologue profiles have been 303 
reported (for example, Domingo et al., 2002) attribution of the source has been more 304 
difficult. This reinforces the conclusion that in most cases, and particularly in urban areas, 305 
it is unlikely that the incinerator will be the only source of PCDD/F contamination.  306 
 307 
4. Conclusions 308 
There was no evidence to suggest that fugitive and stack emissions made a 309 
significant contribution to soil contamination with PCDD/F outside the boundaries of the 310 
incinerator plant; however, there were some elevated concentrations within the plant 311 
boundaries. Samples with elevated PCDD/F concentrations and/or distinctive homologue 312 
profiles located in clusters were linked to historic industrial land use dating back to 313 
approximately 1890s. The combination of soil PCDD/F concentration and homologue 314 
profile data with information from historical land-use surveys has provided a powerful tool 315 
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to aid source identification of both historic and contemporary PCDD/F contamination in 316 
soil in an urban industrial area.  317 
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Table 1  464 
Soil PCDD/F concentrations by sector (ng/kg I-TEQ) 465 
 466 
 467 
 468 
Sector n Mean Median Min Max 
NE 31 48 26 6 554 
NW 21 54 16 7 494 
SE 21 65 38 7 481 
SW 13 487 169 14 1911 
Overall 86 120 32 6 1911 
 21 
Table 2   469 
Soil PCDD/F concentrations by homologue profiles (ng/kg I-TEQ) 470 
Pattern n Mean Median Min Max 
OCDD 10 30 21 7 95 
Incinerator 16 108 38 12 554 
Deposition 43 31 25 6 102 
Furan-dominated 10 671 372 69 1911 
Other  7 30 27 15 49 
 471 
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Figure legends 472 
 473 
Fig. 1. Location of the 163 sampling sites. 474 
 475 
Fig. 2. Soil PCDD/F concentrations (ng/kg I-TEQ) by distance band and sector. 476 
 477 
Fig. 3. Typical homologue profiles: a) incinerator homologue profile; b) deposition homologue 478 
profile; c) furan-dominated homologue profile; and d) the OCDD homologue profile. 479 
 480 
Fig. 4. The distribution of homologue profiles: a) across the whole survey area, and b) within 250m 481 
of the incinerator.  482 
 483 
 484 
 485 
 486 
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[Map produced by Newcastle City Council] 487 
 488 
Fig. 1. Location of the 163 sampling sites. 489 
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 508 
 509 
  Upper limit of 87.3 ng/kg I-TEQ found in urban soils in the UK 510 
 511 
 512 
Fig. 2. Soil PCDD/F concentrations (ng/kg I-TEQ) by distance band and sector. 513 
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 515 
 516 
Fig. 3. Typical homologue profiles: a) incinerator homologue profile; b) deposition homologue 517 
profile; c) furan-dominated homologue profile; and d) the OCDD homologue profile. 518 
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 524 
Fig. 4. The distribution of homologue profiles: a) across the whole survey area, and b) within 250m 525 
of the incinerator.  526 
a) 
b) 
     [Maps produced by Newcastle City Council] 
